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Abstract 
The use of semi-transparent photovoltaics (STPV) as a greenhouse cladding material can serve to transmit daylight while 
providing some shading and solar electricity generation. This paper experimentally validates an energy model of a greenhouse 
concept employing STPV. The model is then used to compare the energy performance of a full-scale greenhouse and a vertical 
farm concept, with both employing STPV. Simulation results for Montreal indicate that the vertical farm generates 49% less solar 
electricity and consumes up to 31% less heating than the greenhouse, whereas their cooling energy demand is approximately 
equal. This research evaluates promising design concepts for year-round urban agriculture and renewable energy generation. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
According to the most frequently cited statistical estimate of production-to-consumption distances in the United 
States, food travels on average 2400 km from the farm to the consumer [1]. For certain foods, therefore, local 
production can significantly lower emissions and waste. Leafy greens such as spinach and kale are good candidates 
for local food production, both because they perish quickly and because significant nutrient value is lost during 
transportation. Therefore, research is needed to identify and analyze designs capable of efficiently growing these 
crops within the urban environment.  
Leafy greens can be produced in stand-alone greenhouses/vertical farms or by using greenhouses that are 
integrated into building roofs and façades in new or retrofit applications. The commercial viability of urban rooftop 
greenhouse agriculture was demonstrated by Lufa Farms in Montreal, Canada [2]. Despommier explains how 
creating vertical farms in urban centers is a potential solution to food safety and security [3]. 
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Leafy greens can be damaged by excessive heat and sunlight, and therefore shading is generally provided. Semi-
transparent photovoltaics (STPV) can be used as a building cladding material that transmits a fraction of daylight 
while providing shading and solar electricity generation [4]. One study performed annual simulations to compare the 
energy consumption of a greenhouse with and without STPV, and found that heating and cooling can be reduced by 
11% and 30%, respectively [5].   Moreover, greenhouse design for space-efficient leafy greens production can be 
achieved by stacking the growth channels and using energy-efficient grow lights such as light-emitting diodes 
(LEDs) [6].  
Recently, climate control of greenhouses has been improved by using the closed concept which conditions and 
recirculates the air (temperature, humidity and carbon dioxide levels) within the greenhouse space. One study 
summarizing the Dutch experience with closed greenhouses reported that it is possible to increase yields by 20%, 
reduce energy use by 30%, consume 50% less water, and lower pesticide use by 80% [7]. 
This study presents the testing of a greenhouse concept employing STPV cladding in a solar simulator - 
environmental chamber laboratory. The experimental results are used to validate a TRNSYS energy model of the 
greenhouse. In a second part, a simulation study is performed to compare the solar energy generation and thermal 
energy consumption of a conventional greenhouse and a vertical farm concept employing STPV. The vertical farm 
carries the advantage of using less space and will likely consume less energy for heating in winter. However, a 
vertical construction will have less roof area and hence it is expected that less solar energy generation would result. 
2. Experimental greenhouse 
2.1. Experimental details 
The Concordia University solar simulator - environmental chamber (SSEC) laboratory is an indoor research 
facility designed to emulate outdoor weather conditions in order to provide a fully controlled and monitored 
environment for research, development and testing of solar energy applications and advanced building envelopes.   
A 4.65 m2 experimental greenhouse (2.37 m x 1.96 m x 2.03 m) was built (Fig. 1a). Six 58 Watt STPV modules 
(45% polycrystalline solar cells, 50% glass and 5% aluminum framing) are used to cover one of the walls.          
The transmittance (τ) of the glazing is 77% and the thermal conductance is U=233 W/m2/K. The walls and roof are 
made of 4 mm polypropylene painted black with U=11.4 W/m2/K. The floor is made of 4 mm polypropylene over 
19 mm plywood. The greenhouse is placed inside the environmental chamber which is maintained at a constant air 
temperature of 5°C (Fig. 1b). The solar simulator lampfield is configured to provide shortwave radiation with an 
average irradiance of 1038 W/m2 on the STPV wall with a distribution uniformity of 86%. Two fans mix the air 
within the greenhouse.  
 
a) b)   
Fig. 1. (a) Photo of the exterior of the experimental greenhouse; (b) Experimental setup inside the SSEC laboratory. 
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2.2. Energy modeling and simulation 
The simulation software TRNSYS 17.2 [8] is used for the transient simulation of the greenhouse. Type 56 was 
originally developed to model multizone buildings and is used here with certain assumptions to create the 
greenhouse energy model. The greenhouse geometry was defined in Sketchup and imported into TRNSYS in order 
to provide detailed radiation calculations using view factor matrices. The walls are modeled according to the transfer 
function relationships defined from surface to surface [9]. Longwave radiation was calculated using the Gebhart 
model [11]. The construction joints were sealed with silicone and therefore infiltration was neglected.          
The greenhouse energy balance is given by the following equation [8]: 
 
                   (1)
     
where Qsurface,i is the convective gain from all the interior surfaces j, defined by: 
 
                  (2) 
     
where hi,j is the interior convective heat transfer coefficients, Aj is the interior surface areas, Tj is interior surface 
temperatures, and Tair is the greenhouse air temperature.  
The energy balance on the interior surfaces includes convection to the exterior air, longwave radiation to the 
environmental chamber surfaces, conduction through the greenhouse envelope, longwave radiation exchange 
between the greenhouse internal surfaces, absorbed shortwave radiation and photovoltaic energy production. 
Qgain is the internal convective heat gain due to two 60 Watt mixing fans. 
2.3. Experimental results and model validation 
Fig. 2a shows that the measured and modeled greenhouse air temperatures are in good agreement (±1°C) when an 
air capacitance multiplier of ten is used in the model. The solar simulator radiation causes the greenhouse air 
temperature to rise by nearly 30°C, and the photovoltaic (PV) cells reach a steady state temperature of 50°C in 
approximately one hour (Fig. 2b). The six STPV modules produce 224 Watts (36.9V; 6.08A) of electric power at an 
efficiency of 11.1%. Approximately two hours into the experiment, the PV modules were disconnected, causing the 
PV surface and greenhouse air temperature to rise by about 5°C and 2°C, respectively. A realistic energy model 
must account for PV electricity generation. This expected product can be seen in Fig. 2b, where the PV temperature 
was modeled with and without the solar energy produced from the PV surface (no electrical load connected to the 
PV modules). The model that considers the energy production is in good agreement (±1°C) with the measured 
results, except for when the PV are disconnected. When this happens, the PV temperature rises to approximately the 
same as the model that considers the PV as a conventional surface. The model does not account for capacitance of 
the PV, resulting in a sharp rise and decay in modeled temperature compared to the measured temperature. 
 
   a)     b)  
Fig. 2. (a) Measured and modeled greenhouse air temperature and; (b) photovoltaic cell temperature. 
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3. Full-scale greenhouse 
3.1. Design details 
Two closed greenhouse designs for the production of leafy greens in the urban environment were compared for 
energy performance (Fig. 3). The base case is a single story 4000 m2 greenhouse, whereas the alternative design is a 
four-storey vertical farm with a footprint of 1000 m2 (both have a total area of 4000 m2). The roof and east, south 
and west walls are all covered with STPV (60% PV cells, 30% glass and 10% framing). The north wall consists of 
clear glazing. The analysis is repeated for single (τ = 84.7%; U=250 W/m2/K) and double (τ = 72.6%; U=1.8 
W/m2/K) STPV. The floor consists of 100 mm concrete. The plants are grown on eight stacked shelves 0.8 m wide 
with 0.4 m vertical spacing and 1 m horizontal spacing between rows. LED grow lights are used to provide        
11 mol/m2/day on the total crop production area of 14,080 m2 [6]. 
 
Fig. 3. Cross section showing the horizontal greenhouse and vertical farm. 
3.2. Energy modeling and simulation 
An energy model was created to compare the two greenhouse design options (Fig. 3). The geometry of each 
greenhouse was created using Sketchup and the energy model was defined in TRNSYS. The greenhouse energy 
balance is given by the following equation: 
 
                  
(3) 
        
where Qsurface,j is defined in (2). Calculation of detailed heat transfer to the ground is achieved by discretising it into 
control volumes using type 1244. The interior convective heat transfer coefficients are calculated by [8]: 
 
                                                         
                    
(4)
  
where the coefficients a and b depend on the inclination of the surface and the direction of the heat flow.        
The exterior convective heat transfer coefficients are calculated by [11]: 
 
                         
                    
(5)
      
where Vwind is the wind speed in m/s. 
Qinf is the infiltration gains and its calculation is included in type 571 using the following equation: 
 
         
         
(6)        
 
where cp is the specific heat of air, Text is the exterior air temperature and minf is the infiltration mass flow rate, 
calculated using the following equation: 
gai njsurf ace QQQQ  i nf,
b
airjji TTah )(,  
win djo Vh  8.37.5,
 ai rextp TTcmQ  i nfi nf
 James Bambara and Andreas Athienitis /  Energy Procedia  78 ( 2015 )  435 – 440 439
       
                        
(7)           
 
where ρ is the air density, V is the greenhouse volume and K1, K2 and K3 are empirical constants based on ASHRAE 
published values for medium constructions [12]. 
Qgain is the internal convective heat gain due to artificial lighting (total of 105 W/m² for 18 hr/day; 4am-10pm) 
and fans (20 W/m2).  
Idealized sensible heating and cooling is defined in type 56 to maintain the greenhouse air temperature at 20°C. 
An air capacitance multiplier of ten is used. The additional capacitance due to the plants and the latent energy 
transfer is not considered in the model.  
The electricity generated by the PV as a function of their temperature TPV and solar irradiance G is given by [13]: 
 
       
                        
(8)           
 
where, βPV is the PV temperature coefficient (0.5%), ηstc is the PV efficiency (15%) and Tstc is the PV cell 
temperature, at standard test conditions. 
3.3. Simulation results and discussion 
Annual simulations of the model were performed using hourly typical meteorological year data for Montreal, 
Canada. Fig. 3 compares the monthly heating (+) and cooling (-) energy demand of the greenhouse and vertical farm 
for single- (Fig. 3a) and double-glazed (Fig. 3b) STPV cladding. For each month, it is found that the vertical farm 
consumes less heat than the greenhouse (up to 40.1%). During the summer, the greenhouse requires more cooling 
than the vertical farm, whereas during the spring and fall, the opposite occurs. When the exterior air temperature is 
below the greenhouse setpoint, free cooling should be provided using a heat exchanger with the exterior air. 
Table 1 presents the annual energy consumption and electrical energy generation for the greenhouse and vertical 
farm. The simulation results are provided for both single-glazed and double-glazed STPV cladding for comparison. 
It is found that the vertical farm consumes 31.3% and 18.3% less heating energy than the greenhouse for the single- 
and double-glazed STPV cladding, respectively. The vertical farm consumes less heat because it has 30% less 
surface area exposed to the exterior than the greenhouse does. The use of double-glazing reduces the annual demand 
for heating by 76.1% for the greenhouse and 71.5% for the vertical farm.  
For the cooling energy demand, the difference between both designs is much smaller. It is found that the vertical 
farm consumes 5.5% more cooling than the greenhouse using the single-glazed STPV, and 1.5% less cooling using 
the double-glazed STPV. The use of double glazing increases the annual demand for cooling by 35.2% for the 
greenhouse and 26.3% for the vertical farm. 
 
a)    b)  
Fig. 3. (a) Thermal energy demand for the greenhouse and vertical farm using single glazed STPV and; (b) double glazed STPV. 
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Table 1. Annual energy consumption and production (MWh/yr) for the greenhouse (GH) and vertical farm (VF). 
Envelope material 
Heating energy   Cooling energy   PV electricity Electric 
energy GH VF Variation GH VF Variation GH VF Variation 
Single glazed STPV 1362.0 935.4 31.3%   2123.5 2239.0 5.4%   570.9 289.5 49.3% 3460.2 
Double glazed STPV 325.6 266.2 18.3% 2870.9 2828.1 1.5% 572.2 289.9 49.3% 3460.2 
Variation 76.1% 71.5% -   35.2% 26.3% -   0.2% 0.1% - - 
 
The solar electricity generated by the greenhouse is nearly double that of the vertical farm. This is a result of the 
greenhouse having a roof area four times greater than the vertical farm. The use of single and double STPV has a 
negligible impact on the solar electricity generation. It is found that the STPV cladding can produce 16.5% of the 
annual electricity required to operate the greenhouse and 8.4% to operate the vertical farm. 
4. Conclusion 
Year-round agriculture is possible within the urban environment using stand-alone greenhouse/vertical farms and 
building-integrated agriculture. A suitable cladding material for such infrastructure are semi-transparent 
photovoltaics, which transmit a fraction of daylight while providing some shading and solar electricity generation.  
A TRNSYS energy model of the STPV cladding was validated using experimental measurements from a test 
greenhouse. The model was then used to compare the energy performance of a full-scale greenhouse and a vertical 
farm, with both employing STPV cladding. Annual simulations results indicated that the vertical farm requires up to 
31% less heat than the greenhouse, whereas cooling energy consumption is almost equal for both designs. 
Moreover, the vertical farm produces half the amount of solar electricity than the greenhouse. The use of double-
glazing can reduce the heating energy needs but also results in higher cooling energy demand. With advances in 
photovoltaic technology and the integration of other renewable energy technologies, such as biogas, sustainable 
urban food production may be achievable in the near future, using stand-alone and building-integrated agriculture. 
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